Introduction
Cardiac hypertrophy can be induced by pressure or volume overload, injury, or neurohormonal activation. In its early stages, hypertrophy is a compensatory response, but if prolonged, the heart may undergo a transition to heart failure. The signal transduction mechanisms mediating the complex response of cardiomyocytes to hypertrophic stimuli such as endothelin-1 (ET-1), 1 angiotensin II, ␣ -adrenergic agents, or cell stretch, are poorly understood. Studies using pharmacologic inhibitors or overexpression of constitutively active components of mitogen-activated protein (MAP) kinase cascades have suggested roles for three of the kinase cascades in this response, resulting in activation of the extracellular signal-regulated kinases (ERK-1 and ERK-2), which are potently activated by growth factors and other mitogens, as well as two stress-response pathways, the stress-activated protein kinases (SAPKs) or c-Jun NH 2 -terminal kinases (JNKs) and the p38 family.
MAP kinase cascades consist of a three-tiered module in which a MAP kinase kinase kinase activates the downstream MAPK/ERK kinase (MEK) which, in turn, activates the MAP kinase by phosphorylating it on threonine and tyrosine residues within the catalytic domain (for reviews see references 1 and 2). When activated, the MAP kinases translocate to the nucleus where many of their primary targets, transcription factors, are located (3). These transcription factors regulate the induction of sets of genes which largely determine the ultimate biological response of the cell, including hypertrophy.
Initially, interest focused on the role of the Ras/c-Raf-1/ ERK-1/-2 pathway in the hypertrophic response. Expression of a constitutively active allele of Ras, the small GTP-binding protein in the ERK pathway, in the hearts of transgenic mice caused a phenotype resembling hypertrophic cardiomyopathy (4) . In addition, expression of constitutively active Ras in cardiomyocytes in vitro was sufficient to induce genetic markers (e.g., atrial natriuretic factor [ANF] expression) and morphological changes of hypertrophy (increase in cell size and development of highly organized sarcomeres) (5, 6) .
Although these data implicate Ras in the hypertrophic response, several studies suggest that this effect of Ras is not mediated via activation of the ERK pathway but rather the SAPK and/or p38 pathways (7) (8) (9) (10) (11) (12) (13) (14) . These studies have demonstrated that overexpression of constitutively active alleles of MAPK or ERK kinase kinase (MEKK-1; the MAP kinase kinase kinase upstream of the SAPKs) (9) (10) (11) (12) , MAP kinase kinase 7 (MKK7; a MEK upstream of the SAPKs) (14) , or MKK3 and MKK6 (MEKs upstream of p38) (12, 13) induces characteristic hypertrophic responses in cardiomyocytes.
All studies to date addressing the role of the MAP kinase cascades in myocyte hypertrophy have forced constitutive activation of the MAP kinases by overexpressing activated mutants or wild-type components of these cascades. This results in supranormal and prolonged activation of normal downstream targets, and, in some cases, activation of MAP kinase cascades or other signaling pathways which are not activated under physiologic conditions (e.g., activation of the ERKs by MEKK-1), making it difficult to ascribe any effects to one specific pathway (discussed in reference 15). These caveats aside, these important studies do suggest strongly that either the SAPK or p38 pathways are sufficient to induce a hypertrophic response if they are constitutively active over prolonged periods (12) (13) (14) . However, they do not clarify whether the pathways are critical to the hypertrophic response of cardiomyocytes to physiologically relevant stimuli which produce much less marked activation over much shorter periods of time.
In this study, we used SAPK/ERK kinase-1 (KR) [SEK-1(KR)], a kinase-inactive mutant of SEK-1 (a MEK upstream of the SAPKs) which functions as a dominant inhibitor of SAPK activation (16) . We and others have demonstrated that SEK-1(KR) effectively blocks activation of the SAPKs in response to a variety of agonists and suppresses such cellular responses as apoptosis in response to several stimuli in a number of cell types (17, 18). We used adenovirus-mediated gene transfer to express SEK-1(KR) in neonatal rat cardiomyocytes. This technology, by allowing us to titrate expression of SEK-1(KR), and therefore to completely inhibit agonist-induced SAPK activation without inhibiting activation of the ERKs or p38, enabled us to determine the role of the SAPK pathway in the hypertrophic response. We chose the potent hypertrophic agent, ET-1, to study the role of the MAP kinase pathways since ET-1 has been implicated in the pathophysiology of pressure overload hypertrophy and in the progression of heart failure (19) (20) (21) (22) . Our data demonstrate that the SAPKs are essential to the hypertrophic response of cardiomyocytes to ET-1.
Methods
Cell culture. Spontaneously beating neonatal myocytes were prepared from 1-2-d-old rats and cultured in F-10 medium in the presence of 5% FBS and 10% horse serum as described previously (23) .
Construction of recombinant adenoviral vectors carrying the SEK-1 cDNAs. SEK-1(KR), the kinase-inactive mutant of SEK-1, was produced by PCR using primers designed to produce a Lys-to-Arg substitution at Lys 129 in the ATP-binding site of SEK-1 as described in (16) . For SEK-1(ED), the constitutively active mutant of SEK-1, the primers created Ser-to-Glu and Thr-to-Asp substitutions at Ser 220 and Thr 224, respectively, the sites of regulatory phosphorylation of SEK-1. Both of these constructs, carrying the 9-amino acid M2 FLAG epitope at their NH 2 termini, were subcloned into the Not1 and Xho1 sites of the shuttle vector, pAdRSV4. Both constructs were sequenced. AdSEK-1(KR) and AdSEK-1(ED), the recombinant adenoviruses, were prepared by cotransfection with pJM17 as described (23, 24) . Plaque-purified recombinant virus was propagated in 293 cells and high titer stocks were purified by CsCl density gradient centrifugation. The viral stocks were determined to have titers of 2 ϫ 10 10 pfu/ml for AdSEK-1(KR) and 10 10 pfu/ml for AdSEK-1(ED) by plaque assay in 293 cells. Particle to pfu ratio was 55:1 and 90:1 for AdSEK-1(KR) and AdSEK-1(ED), respectively. The recombinant adenovirus carrying the Escherichia coli LacZ gene encoding ␤ -galactosidase (AdLacZ) was kindly provided by Dr. David Dichek (Gladstone Institute for Cardiovascular Diseases, San Francisco, CA).
Immunoblot analysis. For Western blot analysis, cell lysates were matched for protein concentration and then separated by SDS-PAGE and transferred to a polyvinylidene difluoride membrane (Bio-Rad Laboratories, Richmond, CA). The membranes were blocked in 5% nonfat milk and then incubated with the indicated antibodies for 1 h at room temperature. Antibody binding was detected with a peroxidase-conjugated goat anti-rabbit or anti-mouse IgG and chemiluminescence.
Immune complex kinase assays. Immune complex kinase assays for endogenous MAP kinase activity were performed as described (25, 26) . In brief, cell lysates were matched for protein concentration and then were incubated with anti-SAPK antibody (27) , anti-ERK-1 and -2, or anti-p38 antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) with protein G-Sepharose beads for 3 h. Beads were washed nine times and then were incubated for 20 min at 30 Њ C with glutathione S -transferase (GST)-c-Jun(1-135) (SAPK assay), myelin basic protein (MBP; ERK assay), or GST-activating transcription factor-2(8-94) [GST-ATF-2(8-94)] (p38 assay) and 100 M [ ␥ -32 P]ATP (3,000-5,000 cpm/pmol) in the presence of 10 mM MgCl 2 . The reactions were stopped with SDS sample buffer and proteins were separated by SDS-PAGE. After autoradiography, the GST-c-Jun, MBP, or GST-ATF-2 bands were excised from the dried gels and the radioactivity incorporated was determined by scintillation counting. Data are presented as milliunits of activity where 1 mU of activity transfers 1 pmol min Ϫ 1 of phosphate to the substrate. RNA extraction and Northern blot analysis. Total RNA was prepared using the single-step acid guanidine thiocyanate-phenol chloroform extraction method as described previously (28) . Total RNA (10 g/ lane) was separated in a 1.2% formaldehyde agarose gel and transferred to a nylon membrane. The blot was hybridized using [ ␣ -32 P]dCTP random prime-labeled rat ANF and ␤ -actin cDNA probes (kindly provided by Dr. Ken Bloch, Massachusetts General Hospital, Boston, MA).
Protein synthesis measurements. 24 h after infection with either AdLacZ, AdSEK-1(KR), or AdSEK-1(ED), cardiocytes were made quiescent by incubation in F-10 medium containing 0.1% FCS for 24 h. For determination of leucine incorporation, cells in triplicate wells of 12-well plates were stimulated with ET-1 (100 nM; Sigma Chemical Co., St. Louis, MO) for 24 h in serum-free F-10 medium and then incubated in the same medium with 1.0 Ci/ml [ 3 H]leucine for an additional 6 h. The medium was aspirated and the cells were washed with ice-cold PBS and fixed on ice for 30 min with cold 10% TCA. After washing twice with 5% TCA, and once with water, the radioactivity incorporated into the TCA-precipitable material was determined by liquid scintillation counting after solubilization in 0.25 M NaOH.
For determination of total protein, 24 h after infection, cells were incubated in serum-free F-10 media for 24 h, and then exposed to ET-1 (100 nM) for 48 h in serum free F-10 media. Protein concentration was determined using a modification of the Lowry technique (29) . DNA concentration was determined after extraction by spectrophotometric analysis.
Determination of sarcomere organization. Cardiomyocytes grown on glass coverslips were infected with AdLacZ, AdSEK-1(KR), Ad-SEK-1(ED), or with no virus. 24 h later, they were exposed to ET-1 in serum-free medium for 48 h. The cells were then fixed for 20 min with 4% paraformaldehyde/5% sucrose in PBS, permeabilized with 0.1% Triton X-100 for 5 min, blocked for 10 min with 1% BSA, and then stained for F-actin with FITC-conjugated phalloidin (Molecular Probes, Inc., Eugene, OR). At least 300 cells per coverslip were scored for the presence of highly organized sarcomeres. Cells were photographed using a Nikon FXA photomicroscope.
Statistical analysis. Data are expressed and presented in the figures as mean Ϯ SEM or SD where appropriate. A Student's t test was used to compare the means of normally distributed continuous variables. A value of P Ͻ 0.05 was chosen as the limit of statistical significance.
Results

Profile of MAP kinase activation by ET-1 in cardiomyocytes
To dissect the signaling pathways regulating ET-1-induced cardiomyocyte hypertrophy, we first determined the pattern of activation of the various MAP kinases in response to ET-1 (100 nM). As expected, the ERKs were significantly activated by ET-1 (ninefold at 20 min of stimulation; see below, Fig. 3  B ) . The SAPKs were activated up to sixfold at 20 min after ET-1, and two-to threefold activation persisted for 60 min (Fig. 1) . In contrast, p38 was minimally activated ( Ͻ 1.2-fold at all time points) (Fig. 1) .
Gene transfer of SEK-1(KR) and SEK-1(ED) in cardiomyocytes
To explore the role of the SAPK pathway in ET-1-induced myocyte hypertrophy, we used adenovirus-mediated gene transfer of M2 epitope-tagged SEK-1(KR) to block activation of the SAPKs and M2 epitope-tagged SEK-1(ED) to examine the effect of constitutive activation of the SAPK pathway. Western blotting of cell lysates revealed high levels of expression of the two constructs (Fig. 2) . Staining of myocytes with anti-M2 antibody revealed expression of the kinases in Ͼ 90% of cells at an moi of 100 pfu/cell (data not shown). This moi was used in all subsequent experiments.
SEK-1(KR) functions as a dominant inhibitor of SAPK activation by ET-1. Adenoviral gene transfer of SEK-1(KR)
proved to be a potent yet specific means of inhibiting ET-1-induced SAPK activation (Fig. 3 A ) . Expression of SEK-1(KR) abrogated ET-1-induced activation of the SAPKs (Fig. 3 A ) , but had no effect on ET-1-induced ERK activation ( Fig. 3 B ) or on the minimal ET-1-induced activation of p38 (Fig. 3 C ) . Abrogation of ET-1-induced SAPK activation was not due to adenoviral infection alone since infection of cells with a virus encoding ␤ -galactosidase (AdLacZ) had no effect on ET-1-stimulated SAPK activity (Fig. 3 A ) . These data confirm that adenoviral-mediated gene transfer of SEK-1(KR) blocks SAPK signaling, allowing us to study the role of the pathway in the hypertrophic response. We also found no significant activation of the ERKs or p38 at 24 or 48 h after infection with adenovirus harboring LacZ, suggesting that adenovirus-induced activation of the ERKs (30), if present in cardiocytes, is very transient and should not have interfered with our studies.
Expression of SEK-1(ED) activates the SAPKs. Infection of myocytes with the adenovirus harboring SEK-1(ED) induced sustained expression of the kinase (Fig. 2 ) which was clearly active based on its ability to activate bacterially expressed SAPK in vitro (data not shown). However, 72 h after infection of myocytes with AdSEK-1(ED), SAPK activity was not significantly increased over activity in uninfected, vehicle-treated cells (Fig. 3 A ) . SAPK activity was modestly increased at earlier time points, however. At 30 h after infection with AdSEK-1(ED), SAPK activity was 1.5-fold increased compared with AdLacZ-infected cells ( P Ͻ 0.01; Fig. 4 ). This compares to 3.3-and 1.5-fold activation of the SAPKs in uninfected cells exposed to ET-1 for 20 or 120 min, respectively (Fig. 4) .
These data suggest that persistent activation of the SAPKs by SEK-1(ED) leads to the induction of counterregulatory mechanisms which inactivate the SAPKs. This could be due to increased expression of various phosphatases (31) or inhibitory proteins (e.g., JIP [32] ), or to other undefined mechanisms, and has also been seen in cell lines expressing constitutively active MEK-1 (33) . Despite this, our data suggest that we could use AdSEK-1(ED) to study the effects of constitutive, low-grade activation of the SAPKs on the expression of various components of the hypertrophic phenotype.
Inhibition of the p38 and ERK pathways
To explore the role of the p38 pathway and the ERKs in the hypertrophic response, we used pharmacologic inhibitors of at an moi of 50, 100, or 200 pfu/cell. 48 h after infection, the cells were lysed and 25 g of each lysate was subjected to Western blotting with anti-M2 monoclonal antibody (Kodak Scientific, Rochester, NY). Extract from uninfected cardiomyocytes (C) was also run on the gel. these pathways. SB203580 is a potent inhibitor of p38 ␣ and p38 ␤ (IC 50 of 0.3-0.6 M), but not of two other p38 family members, p38 ␥ (SAPK3) and SAPK4 (34) . The drug does not inhibit the ERKs, but it does inhibit several SAPK isoforms in vitro at concentrations Ն 10 M (35). Therefore, we used SB203580 at a concentration of 5 M to inhibit p38 in situ. This concentration did not inhibit SAPK activation but inhibited sorbitol-induced activation of the p38 target, MAPKAP kinase-2 by 80% (data not shown). We could not determine the percent inhibition of ET-1-induced p38 activation since ET-1 did not increase MAPKAP kinase-2 activity, presumably because p38 activation by ET-1 was minimal.
PD98059 inhibits MEK-1, the immediate upstream activator of the ERKs, at concentrations in the range of 5 M in situ. In our experiments, PD98059, at a concentration of 25 M, inhibited ET-1-induced activation of ERK-1 and ERK-2, but only by ‫ف‬ 60%. These data suggest that ET-1-induced activation of the ERKs in cardiomyocytes proceeds, at least in part, via MEK-2, which is fully inhibited by PD98059 only at concentrations in the range of 50 M. Therefore, 50 M PD98059, , or AdSEK-1(ED) were exposed to vehicle or ET-1 (100 nM). After 20 min, cell lysates were prepared and immune complex kinase assay for the SAPKs was performed using GSTc-Jun(1-135) as substrate. Western blot below the graph demonstrates equivalent expression of the p54 and p46 SAPKs in each of the conditions. (B) Activation of ERK-1/-2. Uninfected (Control) myocytes or myocytes infected with AdLacZ, AdSEK-1(KR), or AdSEK-1(ED) at an moi of 100 pfu/cell were exposed to vehicle or ET-1 (100 nM). After 20 min, cell lysates were prepared and immune complex kinase assay for ERKs was performed using myelin basic protein as substrate. Western blot demonstrating equivalent expression of ERK-1 and ERK-2 in the various conditions is below the graph. (C) Activation of p38. Cells infected with AdLacZ, AdSEK-1(KR), or AdSEK-1(ED) or uninfected cells (Control) were exposed to vehicle, ET-1 (100 nM for 20 min), or, as a positive control, sorbitol (500 mM for 30 min). After immunoprecipitation with anti-p38␣ antibody, immune complex kinase assays were performed using GST-ATF-2(8-94) as substrate. Western blot below the graph confirms equivalent amounts of p38 in the various conditions. The band in the fourth lane is a prestained molecular weight marker which reacts nonspecifically with the secondary antibody. For all figures, the data are presented as the meanϮSD for duplicate assays.
which completely inhibited ET-1-induced ERK activation (data not shown), was used in all subsequent experiments.
MAP kinase pathways mediating the hypertrophic response in myocytes
We examined the effect of expressing the dominant inhibitory mutant of SEK-1, SEK-1(KR), on the ET-1-induced hypertrophic response in cardiomyocytes. Cells in culture stimulated with ET-1 undergo several phenotypic changes characteristic of the hypertrophic response. These include enhanced protein synthesis and increases in cell size, enhanced sarcomere organization, and the induction of several genes including those for several sarcomeric proteins ( ␤ -myosin heavy chain, ␣ -skeletal actin, and myosin light chain-2) and for atrial natriuretic proteins.
Protein synthesis. We examined protein synthesis since it is central to the hypertrophic response. We found that ET-1 induced a marked increase in [ 3 H]leucine incorporation (Fig. 5  A , left ) . In cells infected with recombinant adenovirus encoding the dominant inhibitory mutant of SEK-1, SEK-1(KR), the ET-1-induced increase in [ ]leucine incorporation was due to enhanced protein synthesis and not enhanced protein turnover by measuring the ET-1-induced increase in protein concentration and normalizing it for the amount of DNA (Fig. 5 A , right ) . ET-1 induced a marked increase in protein synthesis in uninfected cells and in cells infected with AdLacZ or AdSEK-1(ED), but not in cells infected with AdSEK-1(KR). These data suggest that a functional SAPK pathway is necessary for the enhanced protein synthesis characteristic of the hypertrophic response to ET-1. We next explored the role of the ERKs and p38 in ET-1-induced protein synthesis. We determined ET-1-induced [ (Fig. 5 B) , suggesting a functional ERK pathway is not necessary for enhanced protein synthesis in cardiomyocytes exposed to ET-1. We next explored the effect of 5 M SB203580 on ET-1-induced [ (Fig. 5 B) . These data, taken together, strongly suggest that activation of the SAPK pathway is critical to the increase in protein synthesis in cardiomyocytes exposed to ET-1. The ERK pathway appears to play no role in ET-1-induced protein synthesis. While we cannot rule out a role for the p38 family members which are not inhibited by SB203580, it is clear that activation of p38s by ET-1 in the absence of SAPK activation is not sufficient to induce protein synthesis in cardiomyocytes.
We next attempted to determine whether activation of the SAPK pathway alone, in the absence of ERK-1/-2 and p38 activation, was sufficient to enhance protein synthesis. To address this question, we used adenoviral gene transfer to express constitutively active SEK-1(ED) in cardiomyocytes. In contrast to studies using overexpression of MKK7 which resulted in a fourfold increase in SAPK activity and significant increases in cell size (14) , expression of SEK-1(ED) in the absence of ET-1 produced only a small and statistically insignificant increase in protein synthesis in cardiomyocytes (Fig. 5, A  and B) . However, expression of SEK-1(ED) did amplify the ET-1-induced increase in protein synthesis significantly [P Ͻ 0.05 for AdSEK-1(ED) vs. AdLacZ; Fig. 5 A] . These data suggest that the modest (1.5-fold) activation of the SAPKs observed after infection of myocytes with AdSEK-1(ED) was not sufficient, by itself, to increase total protein synthesis but did enhance the response to ET-1, consistent with its amplification of the ET-1-induced increase in SAPK activity (Fig. 3 A) .
Gene expression. We also examined the role of the SAPK pathway in modulating the induction of ANF in response to ET-1. ET-1 induced a significant increase in ANF mRNA, and this increase was completely inhibited by adenovirus-mediated gene transfer of SEK-1(KR) but not by infection of cells with AdLacZ (Fig. 6 ). These data confirm that the SAPKs are necessary for the expression of a second marker of the hypertrophic phenotype in cardiomyocytes, ANF induction.
Sarcomere organization. The third phenotypic change characteristic of the hypertrophic response that we examined was the development of highly organized sarcomeres in cardiomyocytes. Cells were stained with FITC-conjugated phalloidin which stains F-actin. ET-1 induced a marked increase in the percentage of cells with highly organized sarcomeres (Fig. 7, A  and B) . Infection of cells with AdLacZ had no effect on the percentage of control or ET-1-stimulated cells with organized sarcomeres, suggesting adenoviral infection alone had no effect on this marker. Infection of cells with AdSEK-1(KR) blocked the ET-1-induced increase in sarcomere organization, suggesting the SAPKs are also necessary for the expression of this component of the hypertrophic response. Infection of cells with AdSEK-1(ED) significantly increased the percentage of cells with organized sarcomeres. These data suggest that the modest activation of the SAPKs seen in cells infected with Ad-SEK-1(ED), while not sufficient to increase total protein synthesis, was sufficient to induce sarcomere organization (Fig. 7,  A and B) .
Discussion
Several stimuli appear to be involved with the development of cardiomyocyte hypertrophy. Initially, cellular stretch, due to increased afterload or preload, appears to trigger many of the components of the hypertrophic response (36) . In addition, peptide growth factors (e.g., FGF and PDGF), TGF-␤, and some cytokines (cardiotrophin-1 and leukemia inhibitory factor) can cause myocyte hypertrophy in vitro (37, 38) . Neurohormonal agents also likely play a critical role (21, 39) . These agents, which include angiotensin II, ET-1, and ␣-adrenergic agents, not only increase afterload, enhancing cell stretch, but also, via interactions with serpentine receptors coupled to heterotrimeric G proteins of the Gq family, directly activate the hypertrophic response of myocytes independent of their effects on afterload (39) (40) (41) . Recently, studies which blocked signaling from Gq-linked receptors by overexpressing the COOH-terminal tail of the ␣q subunit in transgenic mice suggested that signaling from Gq-linked receptors may play a critical role in pressure overload hypertrophy in vivo (42) . Given the diverse array of stimuli which induce an hypertrophic response, it seemed unlikely, until recently, that any "final common" cytosolic signaling pathway(s) would be identified which controlled induction of the hypertrophic response. Since the initial cloning and characterization of the SAPK and p38 subfamilies of MAP kinases (27, 43, 44) , it has become apparent that many of the stimuli which induce myocyte hypertrophy, including agonists with Gq-coupled receptors, activate the SAPKs and, in some cases, p38 (10, 11, 41, (45) (46) (47) (48) . Furthermore, two signaling molecules clearly implicated in the hypertrophic response based on studies with transgenic animals, ␣q and Ras, also activate the SAPKs (43, 49) .
Most hypertrophic stimuli also activate the ERK cascade, but several studies using either the MEK-1 inhibitor, PD98059, a constitutively active mutant of MEK-1, or dominant inhibitory mutants of c-Raf-1 and the ERKs, have suggested that the ERKs are neither necessary nor sufficient for expression of several components of the hypertrophic response (7, 8, 10, 50) . Consistent with these prior studies, we found that the ERKs were markedly activated by ET-1 in cardiomyocytes, but despite the marked activation, inhibition of ERK activation with Figure 6 . SEK-1(KR) blocks induction of ANF mRNA by ET-1. Uninfected myocytes (C) or myocytes infected with AdLacZ, AdSEK-1(KR), or AdSEK-1(ED) at an moi of 100 pfu/cell for 24 h were exposed to vehicle (left) or ET-1 (right) for 48 h in serum-free media and Northern blot analysis for ANF expression was performed (top). The blot was also probed for ␤-actin expression which confirmed equivalent loading of RNA (bottom).
PD98059 had no effect on ET-1-induced protein synthesis (Fig. 5) or sarcomere organization (data not shown). These data confirm that the ERKs are not necessary for expression of these two components of the hypertrophic phenotype.
Several recent studies have suggested a role for the stressresponse MAP kinases in the hypertrophic response. Two studies have demonstrated that constitutive activation of p38s induced by expression of activated mutants of MKK6 or MKK3, the immediate upstream activators of the p38s, increased cell size, enhanced ANF expression, and enhanced sarcomeric organization (12, 13) . More recently, overexpression of wild-type or constitutively active MKK7 (a MEK which, like SEK-1, is upstream of the SAPKs) also increased cell size, and enhanced ANF expression and sarcomere organization (14) . Overexpression of these MKK3 and MKK6 constructs produced persistent 3-12-fold activation of p38s, and expression of the MKK7 constructs produced persistent 4-fold activation of the SAPKs (13, 14) . These profiles of activation bear little relationship to the transient activation that occurs in response to most hypertrophic stimuli. For example, SAPK activity in cardiomyocytes after cell stretch or ET-1 returns to control levels by 2 h (Fig. 1 and references 46 and 47) . Such marked differences in the duration of MAP kinase activation could have profoundly different effects on the biological response of the cell. For example, growth factors can cause cells to either proliferate or to exit the cell cycle and undergo differentiation depending on whether ERK activation is transient or sustained (for review see reference 51). Thus, the studies of Chien and co-workers (13, 14) , which used constitutively active mutants to activate the SAPKs and p38s, confirmed that sustained activation of either of the pathways is sufficient to induce a hypertrophic response, but it remains unclear whether the pathways are necessary and what role they play in the hypertrophic response to physiologically relevant stimuli.
We used a dominant inhibitory mutant of SEK-1 to dissect the role of the SAPK cascade in the hypertrophic response. We chose this approach since at the present time there are no adequate pharmacologic inhibitors of the SAPK pathway. Our approach takes advantage of the relative specificity of MEKs for MAP kinases. That is, at the level of the MEKs there is relatively little crosstalk between the various MAP kinase pathways. Similar selectivity exists for the kinase-inactive mutant of SEK-1, SEK-1(KR), which unless grossly overexpressed, does not block activation of the other MAP kinase pathways. We found that expression of SEK-1(KR) in neonatal rat cardiomyocytes specifically blocked activation of the SAPKs by ET-1, but did not inhibit ET-1-induced ERK or p38 activation. Expression of SEK-1(KR) blocked all three major components of the hypertrophic response that we examined. Most importantly, SEK-1(KR) blocked ET-1-induced protein synthesis which is central to the hypertrophic response. Expression of SEK-1(KR) also completely blocked the induction of ANF mRNA expression, one of the fetal genes that undergoes renewed expression after hypertrophic stimuli. Finally, SEK-1(KR) inhibited ET-1-induced sarcomere organization, the characteristic morphological change induced in cardiomyocytes by hypertrophic stimuli. These data indicate that a functional SAPK pathway is essential for expression of the hypertrophic phenotype in response to the potent hypertrophic agent, ET-1.
p38 was only minimally and inconsistently activated by ET-1 (Ͻ 1.5-fold) and this degree of activation was not sufficient to induce detectable activation of one of its downstream targets, MAPKAP kinase-2. In addition, SB203580 had no significant effect on ET-1-induced protein synthesis (Fig. 5 B) or on sarcomere organization (data not shown). These data, which suggest that p38 was not necessary for ET-1-induced protein synthesis or sarcomere organization, lead to conclusions different from those reached by Nemoto et al. (52) . These latter investigators showed that ET-1-induced sarcomere organization and activation of a reporter construct containing the ANF promoter were blocked by SB202190, a pyridinyl imidazole related to SB203580. Although not examined in their study, it is likely that in addition to inhibiting p38␣ and p38␤, the concentration of drug used by Nemoto et al. (10-20 M) inhibited activity of several SAPK isoforms (35) . More specific inhibition of p38s is necessary in order to dissect the relative roles of these two families of kinases in the hypertrophic response (15, 35) .
Nemoto et al. also reported that expression of a catalytically inactive mutant of SAPK enhanced MEKK-1-induced ANF promoter activity, suggesting that MEKK-1 acted via a SAPK-independent pathway. In contrast, Thorburn et al. reported that MEKK-1-induced ANF promoter activation was blocked by kinase inactive SAPK (9) . These data highlight the limitations of using promoter constructs, with inherent problems of "squelching" when multiple expression plasmids are used (53, 54) , as surrogates for biological effects.
Our experiments using gene transfer of constitutively active SEK-1, SEK-1(ED), suggest that different components of the hypertrophic response require different thresholds of activation of the SAPKs. SAPK activity was only modestly (1.5-fold) increased in myocytes infected with AdSEK-1(ED). This degree of activation was sufficient to induce sarcomere organization in the absence of any hypertrophic stimulus. It was not sufficient to significantly increase overall protein synthesis but did amplify the ET-1-induced increase in protein synthesis. The difference between our findings and those of Wang et al. (14) is likely due to the greater activation of the SAPKs by MKK7 (fourfold) in their study than by SEK-1 in our study.
Our data demonstrating that the SAPKs are necessary for the hypertrophic response of cardiomyocytes must be reconciled with that of Molkentin et al. (55) which demonstrated that expression of activated calcineurin was sufficient to induce hypertrophy in transgenic mice. The calcineurin pathway consists of dephosphorylation and activation of the transcription factor, NF-AT3 (nuclear factor of activated T cells-3), by the Ca 2ϩ -calmodulin-dependent phosphatase, calcineurin. In T cells, full induction of many NF-AT-dependent genes requires cooperative interactions between NF-ATs and activated AP-1. Recently, crystal structure analysis confirmed that NF-AT family members form a complex with AP-1 at specific response elements contained in the promoters of many genes (56) . The SAPKs regulate the activity of AP-1, which is composed of a heterodimer of c-Jun and c-Fos, by phosphorylating two serine residues in the NH 2 pathway of T cells, which requires both calcineurin/NF-ATs and activated SAPKs/AP-1, may be operative in the hypertrophic response of cardiomyocytes (55) . Our data implicating the SAPKs in the hypertrophic response strongly suggest this is the case. If so, both pathways would likely be necessary for the full expression of the hypertrophic response to physiologic stimuli, although if either is markedly constitutively activated, that may be sufficient by itself to induce hypertrophy. The current consensus is that the SAPKs and calcineurin are parallel pathways and their signals are integrated at the promoters of relevant genes by interactions of NF-ATs and AP-1. However, the calcineurin inhibitor, cyclosporin A, has been shown recently to inhibit SAPK activation, raising the possibility that calcineurin could be upstream of the SAPKs in a linear pathway signaling hypertrophy (59, 60) .
Analysis of promoters responsive to hypertrophic stimuli has implicated serum response factor/ternary complex factor (SRF/TCF), TEF-1, Sp1, Csx/Nkx2.5, and GATA4 in addition to AP-1 (61, 62; for review see reference 63) , and there are undoubtedly other transcription factors which regulate the hypertrophic response in cardiomyocytes. Despite this enormous complexity downstream of the SAPKs, our data suggest that at least for ET-1, the SAPKs alone may serve as a checkpoint through which many of the signals for hypertrophy must pass. Given the wide variety of agonists which induce hypertrophy, it is unlikely that the SAPKs will be necessary for signaling the hypertrophic response to all stimuli. However, our preliminary data suggest that the SAPKs are also necessary for the angiotensin II-induced hypertrophic response (Choukroun, G., and T. Force, unpublished observations). In addition, we have found that the SAPKs are potently activated in the left ventricles of intact animals exposed to pressure overload induced by aortic banding (Force, T., unpublished observations). These data raise the possibility that the SAPKs may also be critical to the early hypertrophic response to pressure overload.
In conclusion, the SAPK pathway is necessary for the expression of the hypertrophic phenotype in response to the potent agonist, ET-1, and blockade of this pathway completely abrogates the hypertrophic response. Although the role of the SAPKs and other MAP kinases in the hypertrophic response in the intact animal is not clear, these data raise the possibility that pharmacologic inhibition of these pathways may provide novel therapeutic strategies in the treatment of hypertrophy and heart failure.
